This paper focuses on the nanofluids implementation in the tubular heat exchangers namely, shell and tube, double pipe and coiled tube. The author thinks that a comprehensive review of performed studies in this area can demonstrate advantages and disadvantages of nanofluids application in the heat exchangers. All available papers are reflected in this paper including experimental and numerical studies with all of their important features and findings. The most considered paper confirmed the Nusselt number enhancement with the use of nanofluids in the heat exchangers. Also, nanofluids implementation in the heat exchangers resulted in an increase in the required pumping power, in the most cases.
Introduction
The heat exchanger is critical process equipment playing a vital role in all industries, approximately. Their main purpose of the heat exchanger using is to exchange heat between two or more fluids at different temperatures. This facilitates cooling and heating easily. Also, their applications are so wide in industry, such as power production (Vidhi et al., 2014; Hsieh et al., 2014) , chemical and food processes (Rainieri et al., 2014; D'Addio et al., 2012 ) , electronics (Zhu et al., 2013; Lee and Cho, 2002) , waste heat recovery (Rohde et al., 2013; Hatami et al., 2015) , refrigeration (Nakagawa et al., 2011; Kang et al., 2007) , air conditioning (Nasif and Al-Waked, 2014; Siegel and Nazaroff, 2003) and space applications (Sivasakthivel et al., 2014; Hamada et al., 2007) . About 26% of the industrial energy is wasted in the form of hot gas or fluid energy is emitting heat in the environment which is the major reason for global warming (Shahrul et al., 2014 , Teke et al., 2010 . Hence, implementation of heat exchangers to recover this energy is necessary. Kakac and Liu (2002) explained heat exchanger types and applications in their noteworthy book: Heat exchangers may be classified according to the following main criteria:
1-Recuperators / regenerators 2-Transfer processes: direct contact and indirect contact 3-Geometry of construction: tubes, plates, and extended surfaces 4-Heat transfer mechanisms: single-phase and two-phase 5-Flow arrangements: parallel, counter and cross flows.
The main goal of this study is the investigation of nanofluids application in tubular heat exchangers (shell and tube, double pipe and coil tube). All available papers are reflected in this paper including experimental and numerical studies. The author thinks that a comprehensive review of performed studies in this area can demonstrate advantages and disadvantages of using nanofluids in heat exchangers.
Nanofluids (nanoparticles suspended in a base fluid) have attracted a wide attention of researchers all around the world. The higher thermal properties of nanofluids are so promising to use as a heat transfer fluid. It is likely that these modern fluids can improve the heat transfer characteristics and be implemented instead of the poor heat transfer fluids. There are numerous studies in this area (Jand and Choi, 2006; Salavati et al., 2015; Tso and Chao, 2015; Li et al., 2015; Lou and Yang, 2015) . Also, Wang and Mujumdar (2008a; 2008b) have reviewed all physical properties of nanofluids, comprehensively.
Shell and Tube Heat Exchangers
Shell and tube heat exchangers are most used exchanger in all over the world. Their applications varied from HVAC systems (Kakac and Liu, 2002) , automotive (T'Joen et al., 2009 ), process application (Nieh et al., 2014) , power plants and oil and gas industries [19] [20] [21] [22] [23] (Zilio and Mancin, 2015; Llopis et al., 2008; Anisur et al., 2014; Zeng et al., 2012; Zhang et al., 2013) , refrigeration systems (Sarkar, 2011) and so on.
The main components of a shell and tube heat exchanger are ( Fig. 1 ):  Shell  Front head  Rear head  Tubes;  Tube sheet;  Baffles; and  Nozzles Other components include tie-rods and spacers; pass partition plates, impingement plate, longitudinal baffle, sealing strips, supports, and foundation.
Fig. 1. A schematic of a shell and tube heat exchanger
A number of shell side and tube side arrangements are used in shell and tube heat exchangers depending on heat duty, pressure drop, pressure level, fouling, manufacturing techniques, cost, corrosion control, and cleaning problems. Shell and tube heat exchangers are designed on a custom basis for any capacity and operating conditions. This is contrary to many other types of heat exchangers (Kakac and Liu, 2002) . Walvekar et al. (2015) studied the heat transfer performance of nanofluids turbulent flow in a shell and tube heat exchanger, experimentally. They dispersed carbon nanotubes with 20 nm outer diameter and 35 µm length in distilled water. Nanotubes volume concentration was between 0.051 to 0.085%. Their results showed an enhancement of 7%-202% compared to water which they attributed to high thermal conductivity and surface area of CNT nanoparticles. Kumaresan et al. (2013) performed an experiment to study convective heat transfer characteristics of multi-walled nanofluids including carbon nanotubes and a mixture of water and ethylene glycol as base fluid in a shell and tube heat exchanger. Volume concentration was in the pure water to 0.45% range. Their interesting results could be summarized as follows:
-The migration of carbon nanotubes does not allow the thermal boundary layer to develop at the faster rate. -The value of the Prandtl number decreases, as the temperature increases for all the nanofluids with various MWCNT concentrations due to a substantial decrease in the viscosity of the nanofluids. -The conventional correlations are not able to predict the value of Nusselt number for the nanofluids as its value increases with decrease in the Reynolds number at various MWCNT concentrations. -The results of average heat transfer coefficient evaluated for various dimensionless length is useful in order to optimize the length of the heat exchanger for maximum heat transfer.
Effect of different nanoparticle shapes on a shell and tube heat exchanger using different baffle angles and operated with nanofluids has investigated, experimentally by Elias et al. (2014) . They assumed different nanoparticle shape including cylindrical, bricks, blades, and platelets of Boehmite alumina (ᵞ-AlOOH) up to 1% volume concentration. They observed that among all the shapes, nanofluids having cylindrical shape showed better overall heat transfer coefficient and a lower overall heat transfer coefficient was found for blades and platelets shapes of the nanoparticles. Also, the entropy minimization rate was found higher for cylindrical shape compared to any other shapes at 20 o baffle angle. Although the degrading behavior of entropy generation happens for all nanoparticle shapes with the increase of nanoparticle volume fraction, entropy generation rate is different in various nanoparticle shapes (Fig. 2) .
Fig. 2.
Effect of different nanoparticle shapes on entropy generation of nanofluids (Elias et al., 2014 ) Raja et al. (2012 conducted an experimental investigation to take into account the effect of wire coil insert in heat transfer and pumping power characteristics of Al 2 O 3 -water nanofluids in a shell and tube heat exchanger. They found that coil insert help to heat transfer enhancement and this enhancement is even more when using nanofluids. An important result of their study is the negligible effect of nanoparticles on a need to pumping power in same Peclet number, up to 1.5% volume concentration. Figure 3 shows the system need to pumping power versus Peclet number in different concentration.
In a numerical study done by Leong et al. (2012) , a shell and tube heat recovery exchanger operated with Cu-water-EG nanofluids was modeled. Their results showed a controversial phenomenon in degrading power pumping as an increase in volume concentration (Fig. 4) . Therefore, lower pumping power is needed when nanofluids is used in the heat recovery exchanger. About 10.99% less power or energy was observed at 1% nanoparticle volume fraction compared to that of ethylene glycol base fluid. They explained this as in other studies, comparison between base fluid and nanofluids pressure drop was conducted at constant Reynolds's number which affects the nanofluids mass flow rate. Higher mass flow rate is needed to produce the same value of Reynolds number since the viscosity of nanofluids increased with the particle volume fraction. Subsequently, more pumping power is needed. However, in the present analysis, the coolant mass flow was kept constant. As a result, the coolant velocity decreases with particle volume fractions. Afshoon and Fakhar (2014) solved flow field and heat transfer of 30 nm copper nanoparticle dispersed in water in turbulent flow regime, numerically. They found a maximum enhancement in heat transfer about 32% at the maximum volume concentration (0.236%) compared with water. However, heat transfer enhancement at 0.078% is an optimum case. Since, its percentage increase in pressure drop is less than the percentage increase in heat transfer coefficient. Therefore, the highest enhancement is not the best thermal performance, necessarily and it is strongly dependent on trade-off between the values of heat transfer enhancement and probable enhancement in need to pumping power. So, industrial designers should pursuit optimum case rather than the maximum enhancement case. 
Double Pipe heat Exchangers
A double pipe heat exchanger is one of the simplest types of exchangers up to now.
It consists of two concentric pipes with different inner and outer diameters having two specific spaces for hot and cold fluids. The major application of this type of heat exchanger is for sensible heating or cooling of process fluids where small heat transfer areas (to 50 square meters). This configuration is also very suitable when one or both fluids are at high pressure. The major disadvantage is that double pipe heat exchangers are bulky and expensive per unit of transfer surface (Kakac and Liu, 2002) .
A double pipe heat exchanger can play a vital role in many applications such as HVAC systems (Kurata et al., 2007) petrochemical industry (Sheikholeslami et al., 2015) , refrigeration (Krishna et al., 2012) , solar water heater (Natarajan and Sathish, 2009) , and bioprocess industry (Agarwal et al., 2014) . Chun et al. (2008) studied the effect of alumina nanoparticles dispersed in transformer oil in a double pipe heat exchanger, up to 1% volume concentration, experimentally with laminar flow regime. Their results show that nanofluids give a better thermal performance compared with base fluid. They investigated surface properties of nanoparticles, particle loading, and particle shape. They guessed that heat transfer enhancement of nanofluids may be caused by the high concentration of nanoparticles in the wall side by the particle migration. Maddah et al. (2014a) conducted an experiment to investigate the effect of twisted-tape turbulators and TiO 2 -water nanofluids on heat transfer in a double pipe heat exchanger. Their twisted tapes were made from the aluminum sheet with tape thickness of 1mm, a width of 5mm, and length of 120 cm (Fig. 6 ). Titanium dioxide nanoparticles with a diameter of 30 nm and a volume concentration of 0.01% (very dilute nanofluids) were prepared. They found that by using of nanofluids and twisted tape, heat transfer coefficient was about 10 to 25% higher than base fluid (Fig. 7) . They concluded that the collisions occurring between nanoparticles and the base fluid molecules on the one hand and the impacts of the particles on the heat exchanger wall, on the other hand, result in an enhancement in energy. The friction between the wall and fluid increases if nanofluids are dealt with and, therefore heat transfer improves.
Fig. 7.
The effect of volume concentration and twisted tape, TiO 2 -water on the efficiency at different Reynolds number (Maddah et al., 2014a ) Reddy et al. (2015 investigated the heat transfer coefficient and friction factor of ethylene glycolwater based TiO 2 (21 nm) nanofluids in a double pipe heat exchanger with and without helical coil insert, in a turbulent flow regime, experimentally. They observed that a 7.85% enhancement in heat transfer increased to 17.71% when using of helical coil inserts. Therefore, there is a combined effect of coil inserts and nanofluids. Also, they proposed two predicting correlations for Nusselt number and friction factor (Eq. 1 & 2).
Where, 4000<Re<15000, 0<  <0.02%, 24.45<Pr<32.85, 0<P/d<2.5 (  =0, P/d=0 for the plain tube)
In another experimental study, Prasad et al. (2014) considered Al2O3-water nanofluids in a U-type heat exchanger with helical tape inserts. The maximum Nusselt number enhancement was 32.91% compared to water. Also, they developed two correlations (Eq. 3 & 4) for the Nusselt number and friction factor are obtained as functions of the Reynolds number, Prandtl number, volume concentration and aspect ratio.
Where, 3000<Re<30000, 0<  <0.03%, 5.12<Pr<6.54, 0<P/d<20. Sarafraz and Hormozi (2015) studied forced convective heat transfer using biological nanofluids in a double-pipe heat exchanger, experimentally. Nanofluids were prepared at volume fractions of 0.1%, 0.5%, and 1% and well dispersed in ethylene-glycol/water, in three flow regime: laminar, transient and turbulent. They showed that enhanced parameters in turbulent flow regime are so greater than the other regimes ( Fig. 8) . Also, they proposed a new correlation for thermal conductivity of nanofluids, based on the temperature and volume concentration of nanoparticles. Wu et al. (2013) studied conducted an experiment to investigate the Pressure drop and convective heat transfer of water and Al 2 O 3 -water nanofluids in a double pipe helical heat exchanger. They observed that for both laminar flow and turbulent flow, no anomalous heat transfer enhancement was found. Also, Secondary flow intensity mitigation due to nanofluids may neutralize the benefit from the thermal conductivity increase. They proposed two accurate correlations for laminar and turbulent flow in helically coiled tubes, as follows: Also, they considered the figure of merit for the heat transfer coefficient ratio of the nanofluids over the base fluid is adopted to compare the heat transfer performance of the nanofluids to that of the base fluid. If r >1, the nanofluids are beneficial for the heat transfer coefficient. They found that "the figure of merit based on the constant Reynolds number can be misleading and should not be used to evaluate heat transfer enhancement because the net result for the constant Reynolds number comparison is a combination of the nanofluids property effect and the flow velocity effect. Possible additional effects of nanoparticles, e.g., Brownian motion, thermophoresis, and diffusiophoresis, on the convective heat transfer characteristics of the nanofluids were negligible compared to the dominant thermophysical properties of the nanofluids" (Hashemi and Akhavan-Behabadi, 2012) . Fig. 9 . The Nusselt number increment versus the Reynolds number using nanofluids in the double pipe heat exchangers Figure 9 demonstrates the Nusselt number increment against the Reynolds number for nanofluids using in the double pipe heat exchangers, in the literature. All of the considered studies show a consistent enhancement behavior of heat transfer. The reason of this consistency in the literature may be arouse from simplicity of geometry of the double pipe heat exchangers compared to the shell and tube heat exchangers. We can conclude that the Nusselt number increases with any increase in the Reynolds number and this increase is considerable for the turbulent regime compared to the laminar regime.
Coil Tube Heat Exchangers
Today, implementation of helical (coil) tubes in heat exchangers are widely accepted as a passive heat transfer enhancement technique in heat and mass transfer applications, because of their secondary flows gives higher rates of heat and mass transfer rates. The other their benefits are ease of manufacture and compact design.
The heat transfer and pressure drop characteristics of this geometry of tube are studied, experimentally and numerically [107-108] (Kurnia et al., 2011; Naphon and Wongwises, 2006) . For example, Prabhanjan et al. (2004) compared the heat transfer rates between a helically coiled and a straight tube heat exchanger. Their results show that the geometry of heat exchanger and water bath temperature affected the heat transfer coefficient. Figure 10 shows the different types of tubes implemented in heat exchangers. In this case, such as the other type of heat exchangers, one more important heat transfer enhancement technique is using nanofluids. Regarding the promising heat transfer characteristics of nanofluids, Hashemi and Akhavan-Behabadi (2012) investigated heat transfer and pressure drop characteristics of CuO-oil nanofluids in a horizontal helically coiled tube under constant heat flux, experimentally. They dispersed 10 nm CuO nanoparticles in oil with weight concentration range 0.5% to 2%, in a laminar flow regime. Their results showed that at the same flow conditions and for a given nanofluids with constant particle concentration, helical tube enhances the heat transfer rates compared to that of the straight tube, significantly. Also, they observed an enhancement about 78% in heat transfer coefficient compared to base fluid for the helical tube at Reynolds number 0f 82.2. Finally, they proposed a correlation for Nusselt number prediction for CuO-oil nanofluids flow with weight concentrations less than 2% in the hydrodynamically fully developed laminar flow regime with Reynolds number smaller than 125 and Prandtl number range of 700 to 2050:
Fakoor Pakdaman et al. (2013) used the overall performance index to evaluate thermo-physical properties of MWCNT/heat transfer oil nanofluids flow inside vertical helically coiled tubes, experimentally. There are some problems in using of nanofluids reported in the literature that pressure drop enhancement may be larger than heat transfer enhancement. This is because of viscosity rise due to nanoparticles presence. To find optimum work conditions, one can use overall performance index and taking into account the effects of heat transfer and pressure drop enhancements, simultaneously. This parameter is defined as follow: When the performance index is greater than 1, it demonstrates that the heat transfer technique is more in the favor of heat transfer enhancement rather than in the favor of pressure drop increasing. Thus, the heat transfer methods with performance index greater than 1 may be feasible choices in practical applications (Saeednia et al., 2012) . Their results show that remarkably high performance index was calculated for nanofluids in the helically coiled tube. The maximum value of overall performance index is 6.4 for 0.4% weight concentration of nanofluids that yield these methods a good choice in practical applications (Fig. 11) . Bahremand et al. (2014) conducted and experimental and nume rical investigation on helically coiled tube under constant wall heat flux and turbulent flow regime using two-phase Eulerian-Lagrangian approach. They dispersed 10 nm Ag nanoparticles in water with 0 to 0.03% volume concentrations as very dilute nanofluids. They found that Enhanced heat transfer and pressure drop increase for coils with greater curvature ratios. Also, they observed that the nanoparticles do not change the axial velocity and turbulent kinetic energy significantly. Their results showed that for nanofluids with greater particle volume concentration, the effect of nanoparticle diameter on increment of mean heat transfer coefficient becomes more significant. Also, they developed two correlations using multiple regressions analysis of MATLAB for estimating the ratio of mean heat transfer coefficient and pressure drop of nanofluids to water in helical tubes. We can see the expectable manner of increase in the Nusselt number as a function of the Reynolds number in the coiled tube heat exchangers, in figure 12 . The details of all available studies in this area are collected in Table 1 . Nanofluids change the flow structure so that besides of thermal conductivity increment, chaotic movements, and dispersion fluctuations of nanoparticles especially near the tube wall leads to increase in the energy exchange rates and augments heat transfer rate.
Walvekar et al. TiO2/water and Al2O3/water nanofluids possess better heat transfer behavior at the lower and higher volume concentrations, respectively. Competition of thermal conductivity and particle size of both nanoparticles may be the source of these differences for heat transfer performances. Nusselt number increases with decrease in the Reynolds number as the concentration increases. Significant enhancement in the convective heat transfer coefficient in the entrance region was observed. The possible reason for the abnormal enhancement in the heat transfer coefficient for the shorter length of the test section is due to the migration of the carbon nanotubes. This migration of carbon nanotubes does not allow the thermal boundary layer to develop at the faster rate. The Nusselt number increases with decreasing the nanoparticle diameter. SiO2 nanofluids has the highest Nusselt number value, followed by Al2O3, ZnO, and CuO while pure water has the lowest Nusselt number. When using twisted tape and nanofluids, the heat transfer coefficient was about 10 to 25 percent higher than when they were not used. It was also observed that the heat transfer coefficient increases with operating temperature and mass flow rate.
Numerical Double Pipe EG Al2O3 TiO2 Not mentioned 0-10 Not mentioned Laminar Not mentioned
As the probability of collision between nanoparticles and the heat exchanger wall increases, due to using higher concentration of coolants, the total heat transfer coefficient increases. CuO/water nanofluid, the heat transfer enhancement and reduction of entropy generation rate were obtained about 7.14% and 6.14%, respectively. The heat transfer coefficient was improved with the increasing of concentration and volume flow rate, while entropy generation rate went down. In average, 45% increase in heat transfer coefficient and 63% penalty in the pressure drop was observed at the highest Reynolds number inside the wire coil inserted tube with the highest wire diameter.
Conclusion
This paper has devoted to review the all available literature about nanofluids application in the tubular heat exchangers including shell and tube, double pipe, and coiled tube types. 79 relevant studies has considered in details. 60% of them are experimental studies and remainder is numerical and analytical studies. 34% of all considered papers are about shell and tube heat exchangers, 38% and 28% of them are about double pipe and coiled tube types, respectively. Water is most common heat transfer fluids in the relevant literature by 87% following by Ethylene Glycol as base fluid by 8%. The most popular nanoparticles are alumina, copper oxide and carbon nanotubes by 52%, 20%, and 11% usage, respectively. In this regards, following points are useful:  The most studies show that there is a considerable enhancement in the Nusselt number with any increase in the Reynolds number.  Nanofluids implementation in the heat exchangers resulted in an increase in the required pumping power, in the most cases.  The observed maximum heat transfer enhancement is 325%, 411% and 85% in shell and tube, double pipe, and coiled tube heat exchangers, respectively.  The maximum heat transfer enhancement occurs at the highest used volume concentration, in the most cases.  Future research should be focused more on the role of the nanoparticles shape on the thermal performance and pumping power. Also, the boiling phenomena ought to be considered. Another nanoparticles material such as non-oxide and non-metallic composition could be taking into account.
